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Abstract 
It is estimated that the contribution of the aviation industry to global warming is currently 2-3%. The 
projected growth of the industry may increase this to 10-20% by 2050. As such, the aim of this 
research is to explore how proposed aircraft energy generation, storage, and distribution technologies 
can improve sustainability in the aviation industry. The primary research question addressed by this 
work is: What are the current technological trends in aircraft energy generation, storage, and 
distribution and how much will these technologies help reduce the aviation industries contribution to 
climate change?  An explanatory case study methodology was utilised in this research. A number of 
research tools were used, specifically document analysis, trend analysis, and technology forecasting 
methods. The technological developments were identified with a preliminary document analysis. The 
trend analysis identified which technologies were of importance in terms of the historical development 
and technology effectiveness. A number of trends were identified in aircraft technologies for energy 
generation, storage and distribution to improve sustainability. The primary consideration identified was 
energy storage. That is, energy generation and distribution technologies are a significant facet of 
future more electric aircraft, and even all-electric aircraft. However, the key enabling technology is the 
storage of energy, specifically the energy densities in terms of either battery capacity, or hydrogen 
storage (for use with fuel cells). Aircraft energy generation, storage, and distribution technologies are 
a single facet of the airframe and avionic systems for greener aircraft; the contributions from other 
facets maybe more significant, specifically in terms of fuels and engines. However, the long term 
prospects of all-electric aircraft utilising hydrogen storage, fuel cells, and superconducting magnet 
based electric motors, could see this energy become the most significant in terms of very long term 
sustainable technologies for the aviation industry. 
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1. Introduction 
 
1.1. Aim 
The aim of this work is threefold. The first aim is to look at the evolution of aircraft energy generation, 
storage, and distribution technologies. This will provide an understanding of how the research into the 
area has changed over time, where research has concentrated, who is investigating the various 
topics, and what subtopics have emerged. The second aim is to see how the emergent technologies 
can improve sustainability in the aviation industry. The final aim is to utilise the historical analysis to 
facilitate a trend analysis for a future forecast.  
 
1.2. Background 
Avionics has a long history, only a few years less than the first manned-powered-sustain-controlled 
heavier-than-air flight by the Wright Brothers in 1903 (Swassing, 2013). Specifically, the first 
application of AVI-ation electr-ONICS, avionics, was in 1910 with a radio telegraph carrier by an 
aircraft. From here we see electrical radio systems for voice communications become common on 
aircraft during World War One. This is followed by many developments in World War Two, which 
included autopilot systems utilising analogue computers, radar, radio beacons (for aircraft 
identification), and radio navigation aids (hyperbolic low frequency systems). Again military conflicts 
resulted in further developments during the Korean and Vietnam Wars. The Korean War saw the 
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development of on-board digital computers and inertial navigation systems. While during the Vietnam 
War Doppler radar was developed along with many other avionics systems. 
 
The implementation of electrical systems on-board aircraft requires power for these systems to 
operate. Power needs to be generated, distributed, and stored. Power generation for engine systems 
(ignition) began with the Wright flyer in 1903 (Ripley, 1971). Power in the early on-board systems 
mentioned above utilised batteries (Ennis, 1911). The historical development of batteries in aircraft is 
very specific (Vutetakis, 2000); this involves the utilisation of vented lead-acid (VLA) batteries, 
exclusively, prior to the 1950’s. Then in the 1950’s vented nickel-cadmium (VNC) began to be used, 
along with the less common more expensive vented silver-zinc battery. The next era of batteries 
began in the late 1970’s with the sealed lead-acid (SLA) battery which overcame the thermal runaway 
issues associated with the VNC and the limitations of VLA batteries. In the mid 1980’s the sealed 
nickel-cadmium (SNC) battery, originally developed in the late 1960’s, matured. 
 
To define a more electric aircraft, we must first set the context of a conventional aircraft. The systems 
on-board a conventional aircraft can take energy from a number of different sources, including electric 
generators, pneumatic sources (such as bleed air), or hydraulic pressure. In contrast, in a more 
electric aircraft all of the major airframe system derive the required powered from electrically sources 
(Seresinhe, Lawson, & Sabatini, 2013). The important facets of more electric aircraft have previously 
be described by many others (Rosero, Ortega, Aldabas, & Romeral, 2007). The next stage in the 
evolution of aircraft is to all-electric aircraft. The primary system on-board a more electric aircraft that 
is not electric is the engine. In an all-electric aircraft the engine would be replaced by electromagnetic 
alternatives, such as high temperature superconducting electric motors (Masson, Soban, Upton, 
Pienkos, & Luongo, 2005). 
 
1.3. Significance and Motivation 
 
The aviation industry is growing rapidly. As seen in Figure 1, there is a forecast exponential growth in 
RPKs (Revenue Passenger kilometres, the product of total passengers and the distance travelled), 
shown until 2030 (Schäfer & Waitz, 2014). The growth of the industry is driven by many factors, 
including new flight routes, airline alliances, and low-cost carriers. Aviation is essential to the 
economies of the world, with significant global impact. As such, it is essential that sustainability in the 
industry is maximised, both economic sustainability and environmental sustainability. 
 
 
Figure 1: World Revenue Passenger kilometres (RPK), in trillions shown historically (solid line) from 1950 to 2011, and with 
various forecasts until 2030 overlayed. Adapted from Schäfer and Waitz (2014). 
 
The growth has many implications for the industry. Associated with the growth in passenger demand 
in the aviation industry is the increase in aircraft required to satisfy this demand. That is, to fly new 
routes, and carry more passengers, more and larger aircraft are required. Currently it is estimated that 
the contribution of the aviation industry to global warming is currently 2-3%. The projected growth of 
the industry could see this increase to 10-20% by 2050. Figure 2 shows the associated CO2 
emissions increase associated with the growth of the aviation industry. In this figure we also see that 
there are initiatives that will help improve the environmental sustainability in the aviation industry. To 
have any hope of curtailing the growth in greenhouse gases being produced by the industry (below 
the reductions that can be achieved by implementing know technologies, in combination with 
operational and infrastructure improvements), requires the implementation of new technologies. 
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Investigating new technologies to improve environmental (and economic) sustainability is therefore 
essential. 
 
1.4. Research questions 
The primary research question addressed by this work is: How will aircraft energy generation, 
storage, and distribution technologies help reduce the aviation industries contribution to climate 
change?” To answer this primary research question we must also ask some secondary research 
questions: “What are the current technological trends in aircraft energy generation, storage, and 
distribution?” Also, “How have aircraft energy generation, storage, and distribution technologies 
evolved over time?” 
 
 
Figure 2: Projected CO2 emissions from the aviation industry, and the initiatives to reduce this and their relative contributions. 
Taken from Nair and Paulose (2014). 
 
2. Methodology 
The core of this work is based on an explanatory case study methodology. An explanatory case study 
is utilised to answer research questions framed with “how” and “why” interrogative word (Yin, 2009). 
Within an explanatory case study both qualitative and quantitative research methods are used. The 
explanatory case study both explores and describes the phenomena, in this case aircraft energy 
generation, storage, and distribution technologies in more electric aircraft, and can also be used to 
explain causal relationships (Harder, 2010). By using an explanatory case study, we present an 
accurate description of the facts of the case, and the conclusions presented are based on these 
explanations which are congruent with the facts. 
 
This explanatory case study used a number of different research tools. Specifically, document 
analysis, trend analysis, and technology forecasting methods were utilised. 
 
Document analysis literally uses documents as a source for data (Bowen, 2009).  The data, excerpts, 
quotations, entire passages, or other information from the document, are then organised into major 
themes, categories, and case examples. In this research the documents analysed are scientific 
papers, sourced using IEEE Xplore. The data from the papers is the authors, research location, year 
published, and subtopic. These were then categorised by decade and into the themes of energy 
generation and distribution, energy storage, more electric aircraft and all-electric aircraft. Bowen 
(2009) also indicates that document analysis can be used for a number of reasons. The first of these 
is to provide data on the context. That is, documents can provide background information and give a 
historical insight to the subject matter, as well as indicating the state of the phenomena. Next, 
documents can provide research data, where as a secondary source the information derived from 
documents can be as valuable as primary sources. Finally, in relation to this work, documents provide 
a means of tracking change and development. 
 
Following the document analysis, trend analysis was utilised. Qualitative trend analysis was used to 
identify which technologies were of importance in terms of the historical development and technology 
effectiveness. Following this a technology forecast was used. Martino (1987) defines a technology 
forecast as “a prediction of the future characteristics or applications of useful machines, techniques or 
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procedures." That is, based on the data previously collected through the document analysis, we can 
assess which technologies are essential to the development of more electric and all-electric aircraft. 
 
3. Document Analysis 
 
3.1. Power Generation and Distribution 
 
Figure 3 shows the trend in the research conducted in aircraft electrical power generation and 
distribution. The feature of interest is the bimodal nature of the research to date. That is, the current 
standard in aircraft power generation was effectively developed very early in commercial and military 
aviation, during the 1930’s to 1950’s. We then see a resurgence of interest in this work starting in the 
1990’s, as the industry begins to invest in the development of more electric aircraft. 
 
 
Figure 3: Distribution of publications for aircraft electric power generation and distribution. 
 
3.2. Power Storage 
 
Unlike aircraft electrical power generation and distribution, aircraft electrical power storage has 
evolved more recently, initially utilising proven technologies, without dedicated aviation requirements. 
The continued recent development of batteries is because they can been a significant issue on-board 
aircraft, in terms of maintenance issues (Scardaville & McRae, 2000), and in terms of safety concerns 
(Ross, 2013). From Figure 4, we can see another bimodal distribution, which is now the opposite 
trend to what we saw in Figure 3 for aircraft electrical power generation and distribution. That is, the 
initial research investigated changes to general batteries for their application in aircraft (Rupp, 1944), 
as well as alternative types of batteries for use on board aircraft (Abrahamson, 1957). These 
investigations were typically motivated by weigh issues with batteries, trying to minimise their weight. 
 
In Figure 5 we can see the trend in terms of battery chemistry. The upper half from 1980 to the 
present is the most important feature in the figure. Here we can see the decline in the efforts 
associated with lead acid batteries. Next, there is a much slower decline in nickel cadmium 
technology, and an intermittent appearance of nickel metal hydroxide. The last important feature is 
the growth in lithium technology over the past three decades. 
 
3.3. More Electric Aircraft 
 
Research on more electric aircraft has been steadily increasing over the past two decades. Figure 6 
shows this growth. Note that 2014 has not finished, and data was collected until August 2014, such 
that the overall trend tends to be increasing. Table 1 shows the most prolific authors and research 
centres working on more electric aircraft. Interestingly, the majority of research is being undertaken in 
the United Kingdom. 
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Figure 4: Distribution of publications for aircraft electric power storage. 
 
 
Figure 5: Breakdown of publications for aircraft electric power storage in terms of the types of battery chemistry utilised. 
 
 
Table 1: The primary authors and affiliations (not necessarily connected) for more electric aircraft research. 
 
Author Papers Affiliation Papers 
Asher, GM  11 Dept. of Electr. and Electron. Eng., Univ. of Nottingham, 
Nottingham, UK 
8 
Bozhko, SV  9 
Howe, DG  7 Wright Lab., Wright-Patterson AFB, OH, USA 6 
Wu, T  7 Sch. of Electr. and Electron. Eng., Univ. of Manchester, 
Manchester, UK 
5 
Kolar, JW  6 
Wheeler, PWW  6 Univ. of Nottingham, Nottingham, UK 5 
Bozhko, S  6 Dept. of Electron. and Electr. Eng., Univ. of Sheffield, UK 4 
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Figure 6: Distribution of publications for more electric aircraft research. 
 
3.4. All-electric Aircraft 
 
Figure 7 shows the papers published on the topic of all-electric aircraft. There is an interesting feature 
here given as the 5 papers published in the 1980’s, which predates the research published on more 
electric aircraft. Investigating this further showed that in the 1980’s the term all-electric aircraft was 
use in the same context of what is considered a more electric aircraft today; see for example 
(Rubertus, Hunter, & Cecere, 1984) or (Treacy, 1984). Research into modern all-electric aircraft does 
not pick up until 2004 with fuel cells (Brooks, Baldwin, Brinson, Ordonez, & Luongo, 2004), and in 
2005 with electric motors (Masson et al., 2005). These two technologies are the key enabling 
technologies required for all-electric aircraft, needed specifically needed to facilitate the replacement 
of engines for propulsion. Table 2 shows the most prolific authors publishing work on all-electric 
aircraft, as well as the research centres responsible for facilitating the majority of the research work. 
We note now that the United States is responsible for the majority of the work being published on all-
electric aircraft. 
 
 
Figure 7: Distribution of publications for all electric aircraft research. 
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Table 2: The primary authors and affiliations (not necessarily connected) for all-electric aircraft research. 
 
Author Papers Affiliation Papers 
Luongo, CA 8 Center for Adv. Power Syst., FAMU-FSU Coll. of 
Eng., Tallahassee, FL, USA 
5 
Masson, PJ 7 
Tixador, P 3 
Dept. of Electron. and Electr. Eng., Sheffield Univ., 
UK 2 
 
4. Technology Forecast 
 
4.1. More Electric Aircraft 
 
The Boeing 787 is the ideal case study to utilise in the technology forecast for more electric aircraft 
technology. In the B787 all of the systems which were traditionally powered using the bleed-air from 
the engines are now powered electrically, this includes (Hale, 2006): engine start, auxiliary power unit 
starting, wing ice protection, cabin pressurization, and hydraulic pumps. The only remaining 
pneumatic system is for engine ice protection. 
 
The electrical systems of the Boeing 787 is a hybrid voltage system which comprises of (Sinnett, 
2007): the conventional 115 volts AC and 28 DC, as well as the new 235 volts AC and +/-270 volts 
DC. The electrical system includes six generators (two for each engine and two for the APU), each 
producing 235 volts AC. The generators operate at a variable frequency (360 to 800 hertz) as they 
are directly connected to the engine gearboxes. The power is converted to the traditional 115 volts AC 
using a transformer system which supplies the majority of the traditional electrical systems. The no-
bleed systems are powered by the +/-270 volts DC, which is converted from the 235 volts AC via four 
auto-transformer-rectifier units. This includes the cabin pressurization compressor motors, ram air fan 
motors, fuel-tank inerting nitrogen-generation-system compressor, and large hydraulic pump motors. 
 
The generators of the Boeing 787 architecture is a variable frequency starter generator (VFSG), 
capable of being used as a starter motor for engine starting, and as a generator for the 235 volts AC. 
The VFSG offers several benefits (Clark, 2012): 
 Replacing the legacy bleed air environmental control system, offering direct weight savings by 
elimination of bleed air components. 
 No energy losses associated with the bleed air system. 
 No throttling losses associated with the bleed air system. 
 Removal of air turbine starters plus the associated oil system and maintenance. 
 Reduced complexity of the auxiliary power unit. 
 Compatibility with existing support infrastructure at airports. 
 Self-contained including lubrication system. 
The key technologies for these more electric systems are the new aircraft generators, with improved 
efficiency and reduced weight. In addition to these sources of power are the novel solid state power 
systems essential to power distribution, offering reductions in maintenance and greater efficiencies 
eliminating the losses associated with older systems. Next we need to consider the evolution of 
batteries for power storage, which on the Boeing 787 are lithium, with superior energy density there is 
a reduction is weight associated with their use, as long as risks can be managed (Ross, 2013). The 
final aspect to the realisation and future development of more electric aircraft is the development of 
lighter weight more efficient motors for actuation purposes. All of these developments add up to 
significant fuel savings, and go directly towards improving the economic sustainability of airline 
operations, and the environmental sustainability of the aviation industry as a whole. 
 
4.2. All-electric Aircraft 
 
To evolve from more electric to all-electric aircraft, three key emailing technologies are required. The 
primary prospect is for all-electric aircraft to utilise hydrogen. To support the use of hydrogen fuel all-
electric aircraft require a means to store the hydrogen, a way to convert the hydrogen into electricity, 
and electric motors capable of propelling a large transport category aircraft. 
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Storing hydrogen is going to be one of the most significant challenges ahead for all-electric aircraft. 
There are options for pressurised hydrogen, cryogenic liquid hydrogen, but to achieve the required 
energy densities to be competitive with fossil fuels, what is required is the ability to store hydrogen as 
a solid. Solid-state hydrogen storage is a very literal term, where the hydrogen is in some way held 
within a solid substance (Principi, Agresti, Maddalena, & Lo Russo, 2009). There are different ways to 
try and achieve this, metallic hydrides (for example Iron Titanium Hydride) or light metal hydrides (for 
example Magnesium Hydride). 
 
The conversion of the hydrogen into electricity has already seen industrial application, by way of 
hydrogen fuel cells. Hydrogen fuel cells have readily been investigated for their implementation in the 
aviation industry, for a variety of application (Kohout & Schmitz, 2003). 
 
While we can make electric motors which are very efficient, this is still not suitable in terms of 
propelling a large transport category aircraft. The requirement to realise all-electric aircraft is the 
implementation of superconducting motors. Specifically there is dedicated research interest in the 
application of high temperature superconductors (HTS) to aircraft propulsion (Masson, Brown, Soban, 
& Luongo, 2007). From here, the ultimate goal is room temperature superconductors, which will not 
require the relatively low temperatures associated with HTS, which is around 138K (in contrast low 
temperature superconductors work at less than 30K). 
 
5. Conclusion 
 
In conclusion we have investigated the current technological trends in aircraft energy generation, 
storage, and distribution and how these technologies are helping to reduce the aviation industries 
contribution to climate change. To do this, an explanatory case study methodology was utilised, along 
with a number of research tool, document analysis, trend analysis, and technology forecasting. We 
identified a number of trends in aircraft technologies for energy generation, storage and distribution 
for more electric and all-electric aircraft. We identified the primary consideration as energy storage. 
We note that aircraft energy generation, storage, and distribution technologies are only one of the 
many aspects of airframe and avionic systems for greener aircraft, and that the contributions from 
other facets are also significant especially in terms of engines and the associated fuel consumption. 
However, the long term prospects of all-electric aircraft utilising hydrogen storage, fuel cells, and 
superconducting magnet based electric motors, will see electrical energy become the most significant 
in terms of very long term sustainable technologies for the aviation industry. 
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